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CALCULATIONSOFm SUPERSONICWA~ DR.&G(I?I?ONIX?TXN2
WINGSS’HEFTBEHINDTIEMACHLINES
BySidneyM.Harmonand.Marg&re’tD.Swanson
Onthebasisofa recentlydevelopedtheoryforfiniteswept-
backwingsatsupersonicspeeds,calculaticumofthesupersonic
wavedragatzerollftweremadefora seriesof’wingshavingthin
symmetrical%iconvexsectionswttihuntaperedplanformsandvarious —
anglesofsweepbackandaspectratios.Tneresultsrepresented
ina unifiedformsothata sin@echartpemmitsthedirectdeter-
minationofthewavedragforthisfemilyofairfoilsforenexten-”-
siverangeofaspectratioand.sweeybackangleforstreamMach ---
numbersuptoa valuecorrespondingtothatatwhichtheMachline
coincideswiththewfngleadingedge. —..
Thecalculationsshoweathatingenewal.thewave-dragcoeffi-
cientdecreasedwithincreasingsweepback.AtMachnumbersfor
whichtheMachlinesareappreciablyahead.ofthewingleading
edge,thewave-dragcoefficient&ecreasedtoanimportantextent
withIncreasesinaspectratio orslendernessratio.AtMach
numbersforwhichtheMachlinesapproachthewingleaaingedge
(Machnumbersapproachinga valueequaltothesecantoftheangle
ofsweeptack),thewave-dragcoefficientdecreasedwithreductions
inaspectratiocmslendernessratio.
INTRODUCTION
Recentdevelopmentsinairfoil theory forsupersonicspeetls
(references1 and2)indicatepronouncedffectsofsweepbackena
--
/
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aspectratioonthedrag.Inrsference1,a theorywasdeveloped
forcalculatingthepressuredistrilmtionatsupersonicspeedsanfl
zeroliftforswept-backwingsofarbitrarylineartaperandaspect
ratiohavingthinsymmetricalairfoilsectimsofsharpleading
edges.
Inthepresentpaper,themethodofreference1 isappliedto
calculatehesupersonicwavedragfora serie6ofwingshSVing
thinsymmetricalbiconvexsectionsatzeroliftwithuntapered
planformsandvariousanglesofsweepbackandaspectratios.The
term“biconvexprofile”asusedhereinreferstoanairfoilsection
composedoftwoparabolicarcs.Ineachca8e,thewingiscon-
sideredtobecutoffina directionparallelto”thedirectionf
flightl InthecalcubtionstheMachnumberisvarieclfromlCO
toa valuecorrespondingtothatatwhichtheMachlinecofncides
withthewingleadin~edge.Theresultsofthecalculationsare
presentedina unifiedformwhichpermitsthedirectdetermination
froma singlechartofthewavedragforthisfamilyofwingsfol?
anextensiverangeofs%’eepbackngleandaspectratioforMach
numbersfrom1.0tothevaluecorrespondhgtothatatwhichthe
Machlinecoincideswiththewingleadingedge,orequaltothe
secantoftheanGleofisweepback.Althoughthecalculationshave
beenmadeforthebiconvexprofile,thedatamaybeappliedto
indicatecorrespondingresultsforprofilesapproximatelysimilar
tothebiconvex.
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SYMBOLS
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coordinate’sofmutuallyperpendicularsystemofaxis
inwing
slo~eofairfoilsurface
chordofairfoilsection,measuredinfli@tdirection
thicknessratio
angleofsweep,
ofsection,m6asuredh fllghtdirection
degrees
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whg Semispan
-3
meaeureiiabn~y-atis,Etichcrdsexcept
inappendixA
parameterindiaatfngspanwisepositi.cmequalto y/m,
semichords
aspectratio
slendernessratio,ratioofwings-span measuredalons
leadingedgetomaximumthiclamssofcentersoctim
disturbance~ressure
pressurecoefficient,ratioofdiat-mbance~ressureto
-c pressureinfrees%realu
velocityinflightdirection ~~
x-componentofdisturbancev loc2ty,positi~einfli@t
direction
u causedbysourcelinewithrei-ersal= si~ of m
z-componentofdisturbancevelocity
disturbance-velocitypotential
sourcefactorequiredtomatntalna givenwedgeangle
Machnumber
g!.JC1
Ya coordinatem asuredalongy-axiswhichIss~ftedtotlp
section,semichords
Y. coordinatem asuredalongy-axiswhich5.shiftedto
-v oppositetipsection,–
d wavedragatsection
cd wave-draCcoeffi.ciontat
m
cd ‘ wave-dragcoefficientat
semichords
sectiontdthoutiyeffect
sectionincluding
‘a Incrementinsectionwave-dragcoefficif3nttiys
tiy effect
causedbywing
incrementinsectionwave-drag
tiplocatedonsanehalfof
NACATNNO.1319
coefficientcaused
wingassection
bywing
incrementinwave-dragcoefficientatsectionononewing
panelcausedbyti~ofoppositewingpanel
—
wave-dragcoefficientforwingwithoutipeffect
wave-dragcoefficientforwingincludingtipeffect
incrementinwave-dragcoefficientcausedbytips,com-
pletewing
incrementinwave-dregcoefficientononewingpanelcaused
byadjacentwingtip,completewing
incrementinwave-dragcoefficientononewingpanelcaused
bytipofopposite%ingpanel,ccmpletewing
auxiliaryvariableswhichreplacex and y, respectively,
usedtoIndicateoriginofsourceline
Pri~dvah.ze6of A, y, ya, yb, h, m, &z/~, a~ z indj.c~ije
transformationnvolvingmil.tiplicationbyfactcm~.
Subscripts:
1,2 wingsrelatedaccordingtotransformationwhichmakesyt3
and @ equalrespectivelyfortwowings
Subscriptnotationsfor u and 5 Mlcate theoriginofsource
lineIntermsofcoordinatesx and y, respectively.
AMLYSIS
Basicdata.-Thepresentanalysisisbasedonthin-alrfail
theoryforsmaL1.pressuredisturbancesanda constantvelocityof
SOUIldthrcqhouthefluid.Theaxesusedarethemutuallyper-
pendicularx,y,z systeminwhichthex-axisIstakeninthe
directionfflightpositivetotherear,they-axisisalongthe
“1
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spanpositivetotheri@t,andthez-axis$spositiveupwards,
Figure1 showsthesymbolsusedtodesi~tethe%?ing-plAn-fOrm
parameters,Thepresentanalysisismde foruzrlxa~eredwingsof
biccxmexprofiJ.eatzeroliftandislimitedtoa Machnumber
rangefrom1..0tothevaluecorrespondingtothatatwhichtheMach
linecoincideswiththewingleadingedge,thatis,toa value
equal.tothesecantofthean@e ofswee~backs
~t30T~.-If p isthedisturbancepressureccmQutedforone
. surfaceoftheairfoilsection,thewavedra~forthesectionis
a-dthesectionwave-dragcoefficient
7C
cd=: I~g. q.dxifo“
dx (1)
dx (2)
wheredz/dxistheslop3oftinesurfaceoftieairfoilatthe
pointx. Forthes.ymmetrfcalbiconvexprofibs(ccmposedof
parabolicSZCS)
wherethethiclmessratiot/c maybeconsidorodthosoleshape
parameter.Fromthin-airfoiltheary,
.
.
.
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whore u is the disturbance-velocityc mponentinthex-direction,
takenpositiveintheflightdirection.3’ora @vensweyt-back
wingwithA. cot-&, thetiag
thespanwisestationy maynow
coefficienti-inequation(2)at
bewrittenas
/
@ %v
cd(y)=Q (UCC2 ?5” )x+$ &
y/m
Thedesiredintograndu Inequation(3) maybedetermined
bytheproceduregiveninreferencel..Onthebasisofthe
linearizedtheory,refarence1 derivesa solutionrepresentingan
(3)
oblique(swept-hick)sourcelinemakingthem@l.eof-swaopbac~A
withthey-axis.Th?.ssolutimiutilized.for-the
orforthedisturbancevelocityistherealpart
prcs&re-field
of
(4)
wherethesubscriptnotationindicatesthatthosourcelinestart%
attheoriginofcoordinates(x= o, y = o)l ?lquatiorl(4) is
showninreference1 tosatisfytheboundaryconditionfora thin
@ ‘
obliquewedgemakingthuhalf%ngle\\ Y,ltio~~sf-dax{
,.
t-;
.
.
coordinatesystemofrefcxrenco1 (y’= yP, z!= zp) *ore
()
dz ‘ W’
.s’ 1. Inom%r-to”’olh~ir”anoq.ualwodgoanqle
z ‘T=F m’
& {heyhyslcalcoordinatesystem,thefmllowfln~relationsbetwmm
thetransformedcoordinmtosofreferenco1 andthaphysicalcoor-
dinateareused
m’=@
.
.
—
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wherew* and w
inthetiansfomed
7
refer,respectively,totheverticalvelocities
andphysicalcoordinatesystems.Thus
xiw=wtp
‘=waz
Thehalf-angleofthewedge1sthendeterminedas
—
ortherequiredsourcefactarinCniLertomaifitainthedesired
wedgeangle5.s
.(5)
. . . .—
Bysuperpositionofsolutionsofthewed~mtype,swept-back
wingsofdesiredprofileshapeandylanformcanbebuiltup
(reference1). Inordertosatisfytheboundaryconditionsover
thesurfaceofa biconvexwing,semi-infinitesourcelinesof
equalstiengthareplacedalongthelead3ngandtrailingedges
beginningatthecentersecti=,~inconsuncticawitha canstant
distribtiionofs+inklinesalongthechord.Atthetip,wherethe
wingtscutoff,reversedsemi-infinitesourceandsinklinesare
distributetisoa tocancelexactlytheeffectofthoseoriginating
atthecentersecticmintheentireregionofspaceout%oardgfthe
tip. In thepresentanalysis,thetipisasmmedtobecutoffin
thedirectionfflight.Theterm“tipeffect”referstothe
effectofthiswingcut-off.Theformoftheinto~andu for
equation(3) isgiveninappendixA.
h calculatingthewavedragoverthewing,thedisturbances
duetotheelementarysourcosandsinksareevidentlyimitedto
theregionsenclosed.bytheirMachcones.Figure2 showsthe
typicalMachlinesOriginatingfran theSOUrCOIfiesatthelea~u
andtz’ailtigedgesofthecenteraniitipsectionsovera wingof
$45°sweepback.
longwing,and
llA04‘ITi~0.133-9
E’igureE(a)~howstheN!chlinesfortheinfinitely
figureE(b)includestheMachlinesstartingfrom
thetipsectim.In eachcasethedisturbanceoverthewi~ oausod
hytheleading-andtra.iling-edsesourcelinesislimitedtothe
regionofthewingbehindthecarrespcmlingMachline,Theregions
affectedbyeachoftheMachLinesareindicatedinfigure2(b)as
regionsI toIV. RegionI representshepartofthewingaffected
%ythesinklinestartingfromtheleadingedgeoftheadjacent
tip;region11representshewingareaaffectedbythesinkline
startingfromtheoypositetip.RegionIIIisInfluenced hy the
sourceMne startingatthelea&nge@e ofthecentereoctionand
includestheentirewin~”regionIV1sinfluenced.bythesource “
linestartingatthelzraiti~edgeofthecentersoctlon.
Theresultantvelocityu ata pointonthewingismadeof
‘deccmponentvelocitiescausodbyeachofthosesourceandstnk
MnoswheretheLnfluonceofeachc~onentisrestrictedtotho
regionlehinditsMachlizm.Thedrascoefficientcam is there-
foreobtainedbyovaluatinginoq,uation(3) tho intogrand ~,.
overtheentiresection(ro@cmIII),thointagrand~,o over
ImrtofthesectionincludedinregionIV,andtheintegrandsfor
theu-componentscaused.bythosinkdts%ributionsalongthopro-
file(fig.2(b)a.ndappon&lxA,equation(AZ)).Thodragcoeffi-
cients&d a ‘dIZI areobtainodsimilarlyb intogratlng
alongthesectionintheregionsz andII,rospectlvoly,inaddi-
tiontotheintegrationsforthou-conqymntscaudibythesource
distributionsalongtheprofilo(appendixA).Tholtitsofinte-
grationsfor x alon~thechordandfor y alongtheSP~Jwhich
representtheboundariesforthorogtonsofinfluoncof rtho
indfvidulu-functionsrequiredfora biconvoxprofile,arogiven
inthotableinapp@iixA.
Fo?mwilasforsectionwave-dragcoefflcicmt~o-Thefo~ulas
f’orthosectiondragcoefficimrtsobtalnedbyintegrationofthe
u-functionsandbyuseofequation(3)arepresentedinappendixB,
Thoseformulas@ve expressionsforthedragcoofficiontwithout
thotipeffectcd~ andalso theomressionsforthoincrements
in cd causedbyth tipdfuct &d.
Wavo-draCcoefficientsforccmplotewing.-Inthepremnt
investip&tionthesectiondragcoefficientsexpressedbytho
cquationein apyendixB worointogratodgraphicallytoobtaint-he
resultsforthowing-dragcoofficiorrbs.Subseciucntly,howovor,
.
.
r
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analyticalexpressionsfor
formulaeforthewing-drag
theintegreti.ons
coefficientsare
wareobtatied..These
presentedinappendix
Dragcoefficientofswept-~ackwin~atMachnumberof1.O.-
Thesolutionoftheequationsfor cd giveninappendixB shows
that,fora symmetricaluntapsredfiniteswept-backwingatMach
numberof3..0andzeroEfi,poeitiveandne~tive3nfini%t>va1u9s
for cd areobtainedatvariousecticxmof thewing.Theinte-
@?ationover the wtngof tie liml.ti~ valuesfortheseinfinite
terms,howmer,@ves zero.KLtifioughsanesectionsofthewinG
haveinfinitelypositiveorne~tivedrag,thetotaldragco.5ffi-
cfm’ltovorthewingrestitsfina finite value. ThcJpredictionf
infinitevalueaof&agaticertainsectionsofthewing clearly
violates atthesosectionstheamnmmtionofsmalldj.sturbancm
B.
fro?nwhichthelinm,rizadtheoryisderived.!l?hecalculatedvalues
fortheto’bldragcoefficientatMachn~bGr1.0arotherOfOre
questionable.Theformulasforthetotaldra~atMachnumber1.0
areprosmtmdinaypcnaixE.
.—
—
Conversionfdragsolutiontoserieu of roletcdwings.-/ui
cxmlinationfequations(Bl],(B~),and(B5)indicatesthetthe
dragsolutionobtainedforonevalueof m and M mayhoeppliad
directlytoobtainthedragfora wholeseriesofwingsinwhich
eachwingisata cortatnappropriateMachnumber.(Equation(Bl)
isfomedbyaddi~fixpression(Dlb)tothori@t-hand~idoof
equation(Ble).)FOZ*exnmpb,quation(31)maybeo~ressOdin
tilefollo%zi~form:
(6)
~~r~FI%d referstothovariablotermsandwhere@ = m’,\wJ /
Yand - = K. Ifthesubscript
corre~pond.lngto 91 andthe
Machnumbercorres~ondlngto
thetwowingsmaybeobtained
1 raforstoa wingatMachnumber
mdmcript2 toanyotherwingatthe
Pz, thcmthedragcoefficientsfor -
fromGquation(6)asfO~OWS:
(73)
10
c&
9 = ‘$”2
refertothospanwisepositionsyl and
.
(7b)
.-
ItCm beshownthatif
twowingsare related accordingto y1131=
thesectiondra~cootficientsobtainedfor
tionE(B3) and(B5) arminthesamoratlaastfiate~rosso~din - .
equation(8).Equation(8),therefore,maybecentralizedtoappJ-y
tothetotaldragcoefficientatthesoctlonor,
wherecd1 and c%- refer*O
YIP~
~} respectively.
(t/c)12cotAl
the apanwisepositionsy~ and
Thewing-dragcoefficientsforwings1 and2 aregiven,
l“0SPGCtiVr31Y,by
(9)
(lo)
.
.
.
r
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Bysubstitutfng fortheintegrand
tionshipe~ressedinequation(~)
for *I, equation(10)maybewrittenas:
or
(t/c}12cotAl
CDI= %2 ‘——
(t/c)22 cotA2
(12)
ofthedragcoeffi-Equation(J&!)permitsa rapiddetermination
cj.entforwi~~ ofarbitrarysweepback,aspectratio,andthickness
ratio(withinlimitationsofairfoiltheory)fromdataobtainedfor
onesweyt-backwingfortheappropriaterangeofa
Machnumber.
sgoctratioand
Forthispurpose,useofa ~ of45 sweepbackas
thereferenceW?QUismostconvenient.Ifthesubscript2 isused
torefertotheparametersforthewingof45°mmepbackandthe
subscript1 isdroypod,equation(X2)becomes
c~2(t/c]2Cotli
CD= W)22 ..- -. (13)..—
where~ and ~
.
refertotingewhoseaspectraticmandMach2
nwnbersarerelatedbythefollowingequatlon8:
A2=A
132=13
Theforegoinganalysisshows
wingof45°sweeybackanda @’van
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tan A (14)
cotA (15)
thattheresultscbtaincdfora
hspcmtratioA2 canbetrana-
formedbymoms ofequation(13)toallwings~or whichthoaspect-
ratioyarameterA tanA = AZ andtheMaohrnmibe??parsmter
p cotA= p~.
m
.
.
—
Thegroupin~oftheparametersa indicatedintheforogoing
analysispmnui.tshouseofQ singlegeneralizodchartforpre-
aenti,ng*hodragresults.Thischartisdiscu3sodinthoaectia
entiitlod‘!Resultsand.Dlscuseion.”
Prandtl-Glauertrulomoi!.ifi,tidforsuP~rsonicf’IOWB,- 12~con-
.—
siaeringthelinearizedprolhmofsupersonicflowyasta wing,it
isoftenconvenienttor~i’orthesupersonicresultsfora,givon
wingtoa transforme~w-lngata roi’c~enceMachm.mlmrof Ma. 2.
Ifthistransformationsused.sruleresomblinuthoRmndtl-Glamrt
rule(rofcmonce3) forthesubsoni.acase,Whe.mM = O is
thereferenceI@chnwiber,maybeobtaim~d.Thicrulomaybcotatcd.
asfollows: .
Thostmard.inofieldoftho supersonicflowfora g.ivmbody
ata streamMachnumhr M maybe calculatedbJ”multiplying tho
.
@veny“andZ-ahonuions,includingthocwforthoMachMnos,by
%hofactovw- ““1 andthenby~lCtitiJlg%!!uflOWabouttho —.
resultingtransfmmmdbodyatthoMachnumber@. Thoprosmr~p
andvtilocityincrommtsu fortho~vonbodyctthoMachnumberM
canthenbeobtainedbymiltiplyi~thomlculatodprcsmroN and.
velocityincrcmwntwu atcorrospcndin~pointsoi’thotrawformod
1bodybythefactor—.
#.1
ItiUintorcstin~tionotethatthedorivaticmofformulao(13)
to (15) a~giveninthispapercorrcmpondstoutiliz~thasolution
fora transformwingforthewholofmmtlyofwingsrdatmito
thistransformationandthenapplyingtheaforomontionodm iflod
z7matl-Ghuw 3n.iLO.
r
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Variationofsectiondmg coefficientalcngspan~-Fjgure21
.—— —— ——. — ——. —
whichwasintroducedPreviouslytoi~ustnatethe6yatemofMach
lines,alsoshowstho-variatio~ofsectionL“agcoefficientcd
alonSthespan.Thedataarepresented.fora wingof45°swepback
andthicknessratioof0,10.Fi~a 2(8)@vestheresultsfora
wingofinfiniteaspectratioandfi-ze2(b)givestheresultsfor
a wlnGoffinitospan, .
W tigum2(a),thedatame shcwnforMechnumbersofL.1OO,
10343,andloklhs The lowestMachnuuiber1,100representsa case
Inwhichthewingleadingewe divergesr~pid~frm”theMachltne
(upperparto~fiC.P(a)).~ thiscase,th~secticmdragcoeffi-
cientcd hasa maximmvclw of0.0542 at the center section,
thendro@ sharplytozeroata distanceofl.lschordsfromthe
c~nterIimi Beyondthtspoint,theW@ showsa negativedrag,
whichapproachesa ymptoticallythesubsonicvalueofzeroatcm “
infinitedistancefromthewingcenter.Thistypeofwave-hag
distributionissimilartothatIndicatedinffgure11ofrefer-
ence1 fora wi~ of&l”sweepbackata Machnuziberof1.4,
For theIxl@erMachnmikr 1.343, the spar+wlm~ariaticmof cd
ismarkedlyflatter.Unliketho~ecedingcase,thedragcoeffi-
cient doesnothaveitsnmximumvalueatthocentersectionbut,
atfirst,increasesinthQoutboarddirecticm,thenreachesa peak
andfa~~stozeroata tistancefromthecenterof6-6chords
(notS?lowninffg,2(a)).
AtthohighestMachnumber1.414,theMachMne bocoamscoin-
cidentwiththewinGloadingdge. Inthiscas~,the~lnggives
a veryhighdragandthesectiondragcoeff.iciorrtincroa.sesinthe
outboa~ddirection,approachinginfinityataninfinitedistance
fromthowingcont~r.
Figrme2(b)illu&matesthoconditionatwhichtheaspectratio
fsl~sst~n Ii-l. ThocalculatedcaseshownIsforanaspect
ratioof1.86andMachnmnberof1.10.E2thiscase,tlnotwowi~
tipsMuseIncromcmtsinsectiondragcoofflcionton eachhalf of
thewing,namely,
‘dx and &<dl10 Thatipeffect&.dI at&
given dtstancc frcm the tip is indopcndentofthoaspectratio.Tho
t~peffectAcd=, howover,isa functionofth3.aepectratio.
.,
.-
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lZffectofwtngtiyonwin@lragcoefficient.-Figure3 shows
thety@calvarktlmwithaspectratiooftheIncrementin CD
dueto the tip ~. Thedataareshownfofia wingof’k’5°sweep-
backand.athicknessratioof0.10forliachnumlereof1.100,1.343,
and1.414. Thepresent analysis for theuntaperodwingsindic.atea
that iftheaqpectratioisequalt~cmgreaterthan ~(n@ + 1),
theintegrated.valueof Acdx overthewinsiszero,OntlxL~basis,
ifthc3aspectratioofthewingie~eaterthan 3./J=l, the .
totalincrementindragcontributedbytipiszero.Asthoaspect
ratioisreduoed.,thetipeffect~m whichoccwrswhenthe
aeyoctratioIssmaller than x/JFi, hOWOVWr,10df3tOE4J2
incrmsein ~. Thetipeffect~ +Jmnroachesa peakvaluoat
a certainaspectratio,butasthisaspectratioIsfurtherd0Cr0Q6Cd,
~ dropsshal”ply.W thiscaeo,ataspectrbticsofap30xi-
mately O.5, ~ becomoszeroandasmneslar~ene~tivovalues
withfurthereductionsinaspectratio.Forappl..icattonstovery
-11 asyectratios,hcnmvor,thetheoryby roqulromdtficaticms.
Thedatainfigure3 showthatastheMachnumberisincreased,the
aspectratiocorrespondti~%0zerovaluoof ~ lxJcome8smaller.
Thetip effects showninfigure3 for thowtrwjof45° sweq-
backarosimilarforothor%ingsofdifferents%eybackatappro-
priateaspectratios.‘Theconvoraionformulasind.icat~dInthe
section~ntttka“Analysis”indicatothatthoaspect-ratioeffects
forwin~ ofdifferentswe~pbackorrespondqualitativelyforequal
valuesoftheaspect-ratioparameterA tanL. ThoMachnwnbtir~
foreachofthewingsdiffer,however.Anaspectratioof0.8
(fig. 3) for thewingof45°sweeybackata Machnumberof1.10
forimmplecorrespondstoanaspectratioof0.8cotf~ata Mach
r
———
numberequalto \l + ~1.10)2- I]tan2L foranyetherwingof
sweepbackan@e ~.
Variationofwing-dragcoefficient-witiiMaohnumber,swoepbacka
andslendernessratlo.-
.—
Figure4 showstheveriationf ~ withM’
fordifferentsweepbackangleawithconstantslend.ernemratios,
Theslendernessrat~o represents theratiocfthetingsemispan
measuredalonGtheleadin~ed~etothemaximumthlclcnessofthe
cmturDection. Thodataarepresentedform,mepbackan@esof300,
4!5°2%.~oj =d 60° tith elendeimessratios ~t 25 and50. The
win~ infi~e ~ forthediffercmtslmdornoasratiosand,swoep-
backanglesareassumedtohavothosamewinsareaandthosatie
yrofilenormaltathowingloadingedge.Thodond-sa ratios
arobasedona thicknessratioof0.10measuredi??a direction
.
-1
.
.
.
.
.
r
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normalto thewingleadingedge.Thethickness
intheflight&ecti,on,therefme, varieswith
15
ratio%/c measured
sweepback~S COSh
or fs eqti– to061cosA. Theasp&ctratioisreduc~dtithsweep-
backbythefactorCOS2A TheaspectratioIsrelatedtothe
slendernessratiobytheformula:
A = 0.2()
~
t COS2A
Theplanformsforthedifferent wingsare shownin figure 4.
Theresultsinfi~e 4 showthat,ingeneral,thedragcoef-
ficientdecreasestithincreasingsweepback.AtMachnumbersfor
whichtheMachlinesareappreciablyshad ofthew5nglwiMngedge,
increasingtheslendernessratiooraspectratiogtvesimpwtant
reductfo.nsi calctitedwave-dragcoefficient.AtMachnumbersfor
whichtheMachIinosapproa~”thewingleadinged~e (M+ secA), .
howover,shortwideKLngs@ve appreciablereductionsinwve-dz’ag
coefficient.Thefigurealsoindicatesthatthehighestwave-drag
coefficientsforthonozmalrangeofaspectratiooccurata Mach
numberequaltoseck
Effectofaspectratioonwing-dragcoefficient.-Figure5
indicatestheeffectofaspectratioonthewave-dragcoefficient
forthewing,Thedatainfigwe5 showtht3wave-drag-coefficient
cDtaJ2A
parameter plotted.againsthc3aspect-ratioparametcw
3.00(t/c)~
A tan~ Theseresults are shownforvariousvaluesoftheMach
~umberparameter$12- 1 cotA, whichcorrospmktoa rangeqf
Machnrmberfrom1.0 tothesecantofthean@e ofsweephck,
or l$M$soc A.
Ff~e 5 showsthatfora ~ven~alue of theMachnumber
~ter, the~~ wve-dragcooficientoccwsata defnite
aspectratio.Forexample,if L = k50 and (z; cotA = 0.310
that is, M = l.0~) the max5mumvalueof ~ occursatanaspect
ratfo02CJ.@. If*O aspectratioisdecreasedtovaluesmaller
thano.~, CD f.&OpST=y ShSJ?@y.Similarly, as the aspectratio
iSincreasedfrm O.~, ~ a~CJdecrea.s~s.~US, ingeneralfor
.
FtheMachnumberparammtercorrespondingto \M- - 1 cot A = 0.310
the maximumvalue of ~ occurs atanaspectratioequalto
O.b cot A.
.
Ap@icaticznofcurvesoffigure5 towingsofarlzltrarylweop-
backandaspectratio.-Theaaalelabelsadcurvesoffigure~
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.
applytotheserieso~wingsthatmay%ede~lvedfrcrna basic
10-percent-thick,4.5°~we@-3ackting.Thelabds exprcmsthe
transformationequations(13)to(15).If A issatequalto45°
and tic issetequalto0.10intkeselabelstocorrespondto
thebasicwing,theordinatesbecmesimply~, theabscissaA
(espectratio),andthecurveparameter~~~. The results h
figure ~ my be appliedtoallsweyt-backwin= cover- a rango
ofasyoctratiofromClto 10cotL correspondingtoa rangeof
Machnumberfroml.Oto SOCA. Thedataapplyspecificallyto
untaperodwtnmwithbicouvexprofilesatzeroliftwiththewing
tiyscutoffinthedirectionfflight.Theresults,howmer,may
beappliedtoindicateapproxbmtereaultmfcrprofilossimikrto
thebiconvex.
“
Thefollowingexampleis.~iveninordertoillustratehpuse
offi~a 5. l?ora given@ .
-.
A= 700
A=3-
t-= 0,0$
c
M= 2*2O
Inordertofind.~:
A tanA= 8.2J+
@=l COtA = 0,71-5
~tanfi .00123
loo (t/c)2 l
.
.
r
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coNcLTJ-DImREMARKS
A theoreticalInvestigationhasbeenmadeoxthesupersonic
wavedragofuntaperedswept-backwingsatzerolift.Thewing
sectionswerebiconvexendthewingtipswereconsideredtobecut
offinthedirectionffli.ghtame i.nvestigattonwaslimitedtoa
range of streatnMachnumberfrom1.0toa valuecorrespondingto
thatatwhichtheMachlineco?.ncidedw!_ththewingleadingedge.
* Forthisran&eofMachnmnber,thefollowingconclusionshavebeen
drawn:
10Ingeneral,thecalculatedwave-dragcoefficientdecreased
withincreasingsweephack.
2. AtMechnumbersforwhichtheMachlinesareappreciably
aheadofthewingleadingedge,increasingtheslendernessratio
oraspectratiogaveimyortantreductioninthecalculatedwave-
dragcoefficient.
3.AtM&chnumbersforwhichtheMachlinesapproachthewing
leadingedge(Machnumbersapproachinga valueeqv.altothesecant
oftheemgl.eofsweepback),decreasingtheslendernessratioor
aspectratioreducedthecalculatedwave-dragcoefficient.
4.Thehighestcalculatedwave-dragcoefficientsforthe
normalrangeofaspectratiooccurredataMachnumberequalto
thesecantoftheangleofsweepback.
*
5.Themaximwnwave-dragooeffioientoccurredata defin~te
aspectratiowhichisdeterminedby theMachnumhrandangleof
sweepback.
6. Foraspectratiosgreaterthan 1I$rl, whereM is
theMachnumber,theincrementinwave-dragcoefficientforthe
wingcontributedbythettpwaszero.
7.me variationfthedragwithMachnmiberobtainedfor
onesweepbackanglefora~ropriateaspectratiosmaybepresented
in a unified form so that the drag for the completerange of sweep-
backangle,asyectratio,andMachnumbermy beUrect= dete~ned
frcma singlechart.
LangleyMemorialAeronauticalL boratory
NationalAdvismyCommitteeforAeronautics
Lan@eyField,Vs.,Decem%er17,1946
.
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AEEENDIXA
W ordertosatisfytheboundaryconditionfora finiteswept-
backwingofbiconvexprofile,the integrandu inequation(3)
maybeexpressed.intermsofcomponentscauset%yelementarysource
linesasfollows:
u = UO,-)+ UC)()+ %,0+%,0
.(-j$o,o“ j$c,o 1- 1- )+~%,o -~uc>o
[
(% )]-%/mjh+ %/m:-h- E /mjh+ ~%~, -h (Al)1.
.,
wherethesubscriptnotationindicatestheoriginofthesource
line.Thebarsoveru refertothesourcelinescausedbythe 4
oppositewtngpanel;thatis, fiindtcatesa sourcelinewitha
reversalinthesignof m.
Inequation(Al),theu-functionsaregivenbytherealparts
ofthefollowtige~r~ssims:
U&n(X, y) =Icosh-l
fiE,q(~ y) = Icosh-l
‘.
.
x-~+m&(y -v)
1I
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where~,q representsheorigf~02theolomenlarysourcelinGs,
l~orthebiconvexprcfile,
endfromequation(’j),tiefector
.
.
mm symbol ~ inequation(Al)i’efGrstoentitegrationopera-
rl
tionwhichrepresentsheinfluenceofa unjfozzn?kk&ilwtionofsource - ‘—
linesalo~thechordofthehicciwexprofilebegi~ingatthe
-position~, q. Thissymbolisdefinedb~thefollowi~express~ons:
.
i“
whero~’ isthGvariabbOfWtegration
nateoftheoriginofeachsourcelinein
lillOB.
Y
‘q ‘J
raprasenting theE-cocmdl-
tiedistributionofsource
.
.
.
--
r
,
21
.
8
. Foratd.oonvexpmftle
x.-g
Equation (AZ) may be expwssed 3s a functionof —; thati!3,
Y-q
Then
--l
&&v(x,Y)‘=
‘(y-“’k-i%]
Tholimitsofirrte~atibnswithregardto x forthesection
dragcoeftic~enteandti-thr~gardto y forthetotalwing-drag
coefi?icientsarediscussed,!l?heu-c?mnpcnentscausedbyeachofthe
elementarysourcelinesaremro atalJ.pointsoutsideOFthe
respectiveMachcones.Thefunctionsfortheu-inimgrandinequa-
tion(3)arethereforeevaluatedalongthesectionforvaluesof x
beginningattheforwamdhmmdaryoftheI@chcone.Thisinte~a-
tiongivesthosection-drag-coefficientcomponents.Similarly,in
ordertoobtainthewing-dragcoefficient,thesectiondragcoeffi-
cientocxnponentsobtainedfromtherespoctlveu-functionsare
evaluatedalon~thewingspanfor~d~s of y contahed within
theMachcone,Thefollowir~tablereferstoonesib ofthewing
(X and Y positivo)andshowstheltiitsofinte~ationfor x -.
and y forthertiquire~u-functions: -—
.22
0
Lhnitsofintegration
.—
;@,
xu-components Y
Lower Upper Lover Upper
limit l’imit limit llml.t
..—
%,0 k,o t
y/in Y-+C h
1 lr- m
~%, o jj%, o
.- .-
Uc,o ~c,o
yp+c xi-c1
0 h
1- m
&c, o &c, o
mch“-—
mp+l
‘hm,h/
:(M + 1)-yp ;.}c (
2m’if A >—
)
h
mp+l
1
fi%/m,h /
o
( )
If UL-J=-
\ ‘m$+l
h(mp+.1)-mc
l-m
Ch/m,-h 1
Ys+:(@ -1-1) $+C /
)
if A>~
\
h
mp+l
~/m, -h
o
(
‘a
i )if A~.—mp+1/\i}
—
1
.
.
.
,-
.
.
m,.
1
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AEPEI?DIXB
FORMULASFORl$A~-IlRA!2COEI?!XECIENI%
SFIEEl?-BACKWINGSOFSYMMEZRICA,L
r
FORFINIZEiTJI?TKPQZELD
?31comcmPROFILE!
ATZEROLIFT ‘Dl=COt A$;1 1
SectionDragCoefficients
EIthefollowinganalysi~thequantitiesy end K are
employeduondimensionellyintermsofthesemichord.Theequations
forthedragcoefficientsinallcasesrefertotherealpartsof
theindicatedxpressions.
Sectiondra~coefficients#.thoutipeffect.-Thesectiondrag
coeff~ientforthegivenwingata spanwisepositiony andMach
nmnberM withouthetipeffeetwasfoundtobeasfol.lows:
Theterm* representsa
l-m
whichindicatestheintersectionof
sectiontrailfngedge%ctththewing
convenientinte~ationlimit
the Machline
leading e~e.
- ..4
fromthecenter-
I?orY= Flu<*
:(tr~(K’(cosh-’&.2 osh-’:)~~calm(Y) =-
—L. f
r ( )“U’2 +2
‘-12 Corn-”” a’
.-—
(Bla)
----
12mFor y. Kin> ——————
1- Ir$‘
-&to~(B@,
8 t*njK3(). .tic (.
1
thefollowhg
ccmh-l~
Km’
[ (--.2 msh-lK1-m’2)-2
.
.
3$ - m“V.
(.t.22K3-3K+ 1)cosh-~
‘a ‘
.
<J+.-l-, mi2).kK,2)2- (mI)21\}(Bib)
1I.brthespecial ome m= ~, theW ohlinecoincides
d~2-1
%tiththeti-ngleadingedge,andtheexpressionforthedragcoeffi-
cientobtai~edasa llmitingease (m’--+1) forallvaluesof y
becomes:
where
Y’ ‘w
Atthecentersecti.cm,wherey or K = O, equation(Bla)becomes!
.-
.
.
. I
.25
.
At thecentersection,for y . 0 and m = ~, eq~uation(B2)
Bbecomos:
hmanentinsectiondra~coefficientcausedbyti.ngt~s..-
Theincrementin cd causedbythetipsdeperdscnvariouEfactiors,
suchas thesw~epan@.e,espeotratio,andMichnunber,Thefollowing
“typesoccurinanuntaparedwln~:
I. Ifthea~pectratioofthewingiseqmltoorgreater -
than 1~~~1 eachtipaffectsolelyitsGwnhalfofthewing. —
ZnthiscaoetheeffectofthetipISliznitedtothoregionofthe
wingoutboardandrearwardofthefrontMachlineOriginatingfrom
thistip. (Seefig.2(b).) There@onoftilewingaffectedIS
—
2mti~tw~n=hef3 05 y fromh -—— to h.
m$+l
Theincrementinsection&ragcooi?ficientataMachnumberM
andspcmwisepositimy caucod3Ythetip%=sfoundtoheaa
follows:
‘d+’)=w”{~[(?$2+
) -1YaI+&f- 12mr ~o~h (—+ 2mr-1m’y‘a I
.-
1
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wherethe subscript a indicateathatthax-axisisshiftedtothe
tipsection,and ya’= yap and m’= ].~0Lntheplanformofthe
wing
Y= h+ya
Inequatton(B3)valuesfor ya maybetakenfrcrm-a
mp+l
to O. WhentheMaohlineiscoincidentwiththeleadbgedgeofthe
airfoil;thatis, m . 1—, theexpressionYor &&x
——.—
becomes:
(~2 -,1
:
:
.
.
—
4 t2 ‘a’ya’2
()[ (
“ 4) -1 Ya’ + 2
AdJY) = ; ;, n 2 Cosh ‘,ya!\
rYa‘ +—i-— (3# . *a?3.
+4 )]
II.Iftheaspectratioofthewingiale~sthan‘~, the
“b= 1
tipontheoppositewingco~tributesanfrmromentin cd inaddi- --
tiontothatdieoussed.undertypeI. TheIncrementin Oa ata
sectioncausedbytheoppositetipwasobtaixmdjm‘thefollowingform: .
IYb12( ~ 1[ cc)sh-l~~——— ]}-~(hl-m~)-— 14+m’2)-3h1yb’+2hf2-m’2,-12 4 m’ytb
1
2 ““ ( ) 1!3- 6yb‘2h‘+3yb-1- ky !2h12-m!2-— .. b 2W3+QJ1’~’-m’33rn3Jl. ~12
[ 1)cosh-l‘b‘‘1‘ “2) -2~]’‘-~1(~’yb’ -h’+m’ )
—
.
(B5)
.
I
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wherethe subsoriptb indicatest~t we x-axisisshiftedtothe
oppositetipsection,andtiereyb‘= ybfl,m’. @, and h!= h@.
Tnthe@sn formofthewing
Y= Yb- ‘“
Thelimitsfor Yb to bewed ineq,uatfon(B5)dependonthe
‘anvalueofaspect ratio A relative to the Paremetor — c
@i-l
(a) Iftheaspectratio ofthewingisgreeterthen
thefrontMachMno frantheoppositetiphrtersectshe
Thus
2m
J!@+l’
trailing
edgeata value of yh= _ sothatvaluesfor yb in
~“@
2(h.-m)
eqwtion(B5)w bet&n from to 2h atthetip.
1- Ir$(Seefig.Z(b).) l
(b)Iftheas~octratioA isqualtoorleesthan+,
thefrontMe.@linefrcantheOpposttetiptitersectshecenter
sectionandvalues for yb inequation(135]maybe taken ficm h
to 2h. b thisease,thetiorementin Acd d5scussedunder
typeI isobtainedatspanwfsepositi~of ya f%om -h to O.
When m. =.-L- equation(B5)becomes:
F;
.
[ ( )3-6ybt%f+3Yb%)’ 12hf2.1 ‘a13+3hf-j,/=d
v r’.
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Thetotalincramentindragcoeffici=tata sectfoncausedby
thetipsisgivenby
antithetotaldxa.gcoefficientatthesectionis
Wing-DregCoefficients
Wing-dragcoefficientwithoutipeffscta.-Iftheaspectratio
———
2m ‘—-isequaltoorlessthan — thewin@lragcoefficientwithout
:-@’
thetipeffectis
—.o2+2A’1-nlf+
(+a ,3 ,2+ 3A’rn
—
i;
i
. A~3)cosh (- )-1A’1 +m~2 -i-2n’
2m’(A~+m’)
--( )+2A’3- 6Afmf2Coa-l 1 -tU’2
ant 1} . .
l
.
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.
Ifthe
coefficient
aspectratioisgreater
withoutipeffectis,
than
al
l-d the wing-drag
,
-1-(~ ,3 - 6A‘m**) ~o~h-l 1 + m*2
“ a’
“) +. .
IkcremeQtIn wtng-dragcoefficient causedhy wingttps. - If
the aspect ratt~ of the wingis equal to ~ greater than l/13, the
comtribtiion of the wingtipstothewing-dragcoefficientIszero.
..
anE the-t @atio ofthewingisequaltow greaterthan—
11#3+1’ -
thetotali~msnt in ~ oausedbythe100altip,or ~, is
seroJandtheincrem3nt~ isobtainedsolelyfrcmtheoffectof
thetiplocatedontheoppositehalfofthe@n& or ~=. For
thiscase,inte~ationofequation(B7)overthowimgyields~
anIftheaspectratioof’thewingislessthan——————
D$+l’ *e
Increment~ isaffed~ bybothwingtips.Forthis~se,
integraticmofequations(B3}and(B7)yields:
-~&7-&~*2)+(A’+ 2m’)(A’-m1)2cosh-l~- 2m‘3 ccmh
~’:A’(1+-I-u”)
j2m’(zn’- A’)~1
...
+ A’
{[
fjmT2
2
( )]-A’22+U’2 eqsh-~+~ /
/
~, ~ \~’(m’‘A’)+AY2(WU’2)
A83 CO*-l tit - At A’+— r)
-2— -—
km’3 mtA’
#-A’
.
.
.
P
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Tow Whl@re8 cmeffictentl-TI.?etotzil.wingdragisobtained
astheBum,
%=%=+%
wherethecomponents~q ~d ~ am calculatedfromthefore-
going equaticmsforthevin@&ag coefficientappro~iabetothe
aspectratioofthewing. r-
Wing-dragcoefffci.entSopspecialcasem = J%-WhentheMach
()linecoincideswiththewingleading- m . ~ , thewin@rag
coefficientobtainedforW aspeotratios& a i&thg ease (ret-l) “
is equal to therealpartofthefollowinge~ressicm:
l
.
Wing-I%ragCoefficientsatMaohNumberof1.0
+
.
Thedragcoefficientfw thewingat M = 1.0 maybeeqzresseil
inteimsofthefollowingfurmulaswhichwwe obtainedbyintegrating
overthewingtheHmittigvaluesfor cd h equations (Bl), (B3),
b
and (B5) as the factor ~ = c1 .p~~ches zero: ....-
(1)H theaspeotratioofthewingiseqpaltoa?greatm
than ‘a
2
%
8 t2m
oq [( $ loge2K-K3;&+u)log JK+2)-‘x:~m.
0
+
+
+
+
+
+
where
7h/m
jr (F?m- +6K- 4)loge(K (-2~-K3- 6K-4)lo~(K + 2)
2-. -.
m
.
(B6)
.—
—
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h equation(B6),thefirst wointe~lsrepresentthedrag
coefficientfortho~ withouthetipeffcc%;whereas,thelast
inte~alrepresentsheeffectofthetips~=. Forthiscaae,
inwhichtheaspectratioisequaltoorgreaterthan 2m, thetiy
effectMD iszeroj hencetheintegrzil-forthesectionincrements
in cd ti3~otgivenb equation(B6). Equation(B6)hasbeen
solvedfora sweepbackangleof45°andtheremitsforthisweep
anglemaybe converted.to other w?.ngsofarbitrarysweepbackbythe
f&%~ 53) to (15) r For thewingof45°sweepbackfmm = 1
= ,-equation(B6)yieldsthefollowiugrestit:
+ (-A3+ l“ZLI ) ,( )-16 10ge(A-2)+Zh A2-M lc~A-kA 1 (B7)
(2) If theaspectratioofthewingissmallerthan 2m, the
u~er limitofthefirstinte~a.1inequatiaa(%) icrd.ucsd from2
to h/m, thesecond~tegralvanishes,andthelowerlimitforthe
thirdintegralisreduced&om h -2M tozero.Forthiscase,
hcwever,inwhichtheaspectratioislessthan
‘i> %1 ‘s‘ot
zero,andthefollowingtntegralmustbeaddedtothoseinegaa-
tion(B6)toobtainy:
—
where
“
h.
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For thewingof45°sweepback,m= 1, and A <2, eqwrthns (B6)
and(38)yieldthesameresultfor ~ asthatobtainedfor VSIWS
of A greaterthan!2,asexpreseedhyequa&l.on(~). Tnthisease,
therealpartof lo~(A-2) isused.
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